O ncostatin M (OSM)
2 is a cytokine in the IL-6 superfamily, a family characterized in part by the use of gp130 as a common receptor subunit (1, 2) . Members of the family include IL-6, IL-11, LIF, G-CSF, ciliary neurotrophic factor, and cardiotrophin-1 (1, 2) . Secreted primarily by T lymphocytes, macrophages, and neutrophils, OSM is known to be up-regulated in a variety of disease states that involve inflammation and has been implicated in diverse biological roles including bone formation, cartilage degradation, cholesterol uptake, pain, and inflammation (3) (4) (5) (6) (7) (8) (9) (10) . OSM signals through the use of the OSM receptor (OSMR) ␤ subunit heterodimerized with gp130 (11) . In humans, OSM can also signal through an additional receptor complex composed of LIF receptor coupled to gp130 (2) . The OSMR/gp130 receptor complex is widely expressed on a variety of cell types, including epithelial cells, fibroblasts, chondrocytes, hepatocytes, and some neurons.
OSM has been demonstrated to be a potent modulator of extracellular matrix (ECM) in a variety of contexts, suggesting that OSM may be able to mediate seemingly opposite pathological consequences, including fibrosis (an excess of ECM) and cartilage degradation (a breakdown of ECM). Depending on tissue type and environmental milieu, both of these effects have been observed when OSM has been overexpressed or exogenously administered into lungs or joints of mice, respectively (12) (13) (14) . In addition, OSM has previously been shown to be up-regulated in human pathologies where these types of consequences exist (3, 5, (7) (8) (9) . Predominantly a locally acting cytokine, OSM is up-regulated in the synovial fluid from joints of patients with rheumatoid arthritis (RA) (3, 9) , in the bronchoalveolar lavage (BAL) fluid of patients with scleroderma-associated interstitial lung disease (8) , and in the livers of patients with cirrhosis (7) . The proposed impact on ECM by OSM can be attributed in part to the ability of OSM to shift the balance between matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinase (TIMP). TIMPs bind to MMPs in a 1:1 ratio with a high affinity that results in a loss of MMP proteolytic activity. TIMP-1 and TIMP-3 have been previously shown to be differentially regulated by OSM, resulting in an increase in TIMP-1 and a decrease in TIMP-3 (15) . In addition to regulating the digestion of ECM components, MMPs are also implicated in the cleaving and subsequent activation of a number of proteins, including TGF-␤, a potent profibrotic cytokine (16) . OSM has also been reported to be capable of directly inducing the transcription of type I collagen in vitro (17) .
Fibrosis is a pathological hallmark of many of the human diseases associated with an elevation in OSM, and is characterized by an overproduction of ECM that is hypothesized to begin as a response to tissue damage or inflammation. Scleroderma, or systemic sclerosis (SSc), is an autoimmune disorder characterized by the fibrosis of skin and other organ systems in the presence of particular autoantibodies. Although SSc is a heterogeneous disease, the presence of lung fibrosis is a key prognostic indicator for patients and is the most common cause of death in this patient population (18) . We have previously demonstrated that OSM is up-regulated in the CD8 ϩ T cells in the lungs of scleroderma patients with interstitial lung disease, relative to those patients without lung disease or healthy controls (8) .
In the current study, we demonstrate an up-regulation of OSM in the lungs of patients with not only scleroderma lung disease but also idiopathic pulmonary fibrosis (IPF). We also characterize the pathological consequences of having an excess of OSM in the lung, demonstrating a strong link between OSM and lung fibrosis.
Materials and Methods

Human BAL samples
The procedures for obtaining BAL samples from patients with IPF or scleroderma or from healthy volunteers were reviewed and approved by the University of Maryland Institutional Review Board. Characteristics of the volunteer groups are shown in Table I . Informed consent was obtained in all instances. The BAL procedures were as previously described (19) . Six healthy volunteers underwent lavage procedures specifically for research purposes. BAL samples from patients with scleroderma lung disease were leftover samples from a previous study (19) stored at Ϫ80°C; none of the samples overlapped with the samples reported in Ref. 8 . The presence or absence of alveolitis in patients with scleroderma was judged based on percentage of neutrophils or eosinophils Ն3 SD above the mean value for controls in differential BAL cell counts; the values of neutrophils Ն3.0% or eosinophils Ն2.2% of total cells were considered abnormally high (19) . Seven BAL samples from SSc patients without alveolitis and eight BAL samples from SSc patients with alveolitis were used.
The BAL procedures are not commonly performed in IPF patients as part of their standard medical care because of the high risk/benefit ratio. Although bronchoscopy with BAL is occasionally performed to exclude infectious or neoplastic disease in these patients, such samples would be atypical by definition and not representative of the overall IPF baseline pathobiologic state. Although high-risk BAL in IPF patients may be performed for research purposes only, the goal of this study was not to correlate the OSM levels with disease severity or functional impairment, but rather to show the relevance of the findings to human disease. All six IPF patients in this study had end-stage lung disease and underwent lung transplantation due to the severity of their disease. The diagnosis of IPF was made based on history and physical examination, pulmonary function test data, radiographic findings, and lung pathology, according to the American Thoracic Society consensus statement on IPF (20) . The IPF patients had median percent predicted values (first quartile, third quartile) of forced expiratory volume in one second of 40.5 (33.3, 56) , forced vital capacity of 31 (30, 44) , total lung capacity of 41 (37, 47.3) , and diffusing capacity of the lung for carbon monoxide of 22.5 (16.8, 26.8) . BAL was performed on explanted lungs from these IPF patients immediately following the explantation procedures in a manner that was technically similar to that done with bronchoscopy (19) . In brief, the upper and lower lobe bronchi of the lung were identified. Using sterile technique, a 14 French Argyle Salem Sump tube (Tyco Healthcare/Kendall) was then wedged into a segmental bronchus in the upper lobe. A 150-ml volume of sterile saline was injected in 20-ml aliquots into the upper lobe and retrieved with manual syringe suction following each aliquot. Subsequently, a similar procedure was repeated for a segmental bronchus in the lower lobe. The lavage fluid from the upper lobe and lower lobe was placed in sterile containers and pooled for analyses. To validate this technique of BAL in the explanted lung, we were able to perform BAL procedures on two normal donor lungs, which were initially approved but ultimately not used for transplantation, as well as a BAL procedure on one explanted lung from a patient with scleroderma lung disease. Differential cell counts and total protein levels in the latter three samples were not different from those typically observed for the corresponding samples obtained by bronchoscopy (our unpublished results).
The fluid was delivered to the laboratory on ice. The samples were concentrated 10-fold using Macrosep centrifugal concentrators (Pall Filtron), and OSM concentration was measured using an ELISA kit from R&D Systems. Statistical analysis was performed using the two-sided Mann-Whitney U test, as compared with control. Total BAL protein was measured using a Bio-Rad protein assay kit.
Animals and reagents
Only female mice were used in all experiments. Six-to-eight-week-old BALB/c mice were obtained from Charles River Laboratories. Six-toeight-week-old C57BL/6J mice were obtained from The Jackson Laboratory or from Taconic Farms. Ten-to-twelve-week-old C57BL/6 RAG2 knockout mice and C57BL/6 control mice were obtained from Taconic Farms. Eight-to-ten-week-old C57BL/6-KitW-v/J mast cell-deficient mice and littermate control mice were obtained from The Jackson Laboratory. Mice were acclimated for at least 1 wk, and experiments were performed with mice at the age of 8 -12 wk. Five mice per group were used for all experiments, except three mice per group were used for the histological evaluations and the OSM time course experiment (see Fig. 2 , A-F) and the early RNA expression profiling (see Fig. 5C ). All animal procedures were conducted in complete compliance with the guidelines for the care and use of laboratory animals of the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee of Amgen, Inc.
Mice were dosed by intranasal route with recombinant mouse OSM (R&D Systems) or mouse serum albumin (MSA; Sigma-Aldrich) control protein suspended in PBS and 0.1% BSA for up to 14 days. The proteins were administered in a 50-l volume over both nares under isoflurane gas. In the IL-4, IL-13, and TGF-␤ cytokine blockade experiments, specific reagents and controls were obtained as follows: monoclonal anti-TGF-␤1, -␤2, -␤3 (clone 1D11; R&D Systems), and mouse IgG1 control (clone 11711.11 or anti-AGP3-Pb; R&D Systems and Amgen in-house, respectively), anti-IL-4 receptor ␣-chain hybrid IgG1 mAb (Amgen in-house) and mouse IgG control (Sigma-Aldrich), IL-13 receptor ␣2 Fc (Amgen inhouse), and human IgG control (Sigma-Aldrich). Endotoxin levels of all protein and Ab reagents were measured by the Limulus amebocyte lysate assay and were determined to be low endotoxin (endotoxin units Ͻ2 per mouse) for in vivo studies. At the termination of the study, mice were anesthetized using Avertin. Terminal bleeds were performed via the brachial artery before further manipulations. BAL fluid was collected in PBS as described further below. The right lung lobes were submerged in RNALater (Qiagen) and stored at Ϫ80°C for RNA isolation by minipreps (Qiagen, per manufacturer's protocol). The left lung lobe was snap frozen in liquid nitrogen and stored at Ϫ80°C for use in the Sircol collagen assay. For histological analysis, the entire lung was infused with formalin and embedded in paraffin for tissue preparations.
BAL fluid cell analysis and differentials
BAL was performed by intubating mice anesthetized with a 300-l i.p. injection of 2.5% Avertin (2,2,2-tribromoethanol; Sigma-Aldrich) and flushing the lungs with two 600-l volumes of PBS. BAL fluid was centrifuged at 100 relative centrifugal force for 7 min using an Eppendorf 5417C microcentrifuge. The BAL fluid supernatant was combined with PBS plus Tween 20 (Qbiogene) at a final concentration of 0.05% Tween 20 and frozen at Ϫ80°C for protein analysis. The cell pellet was gently resuspended with PBS containing 5% FBS (HyClone) for counting using a Siemens Advia 120 hematology machine (Bayer). A cytospin with ϳ15,000 cells was prepared using the Shandon Cytospin 3. Cells were spun at 750 rpm for 6 min, then stained with Wright-Giemsa stain (SigmaAldrich) and allowed to air dry. A 100-cell manual differential was performed on each slide by light microscopy.
BAL fluid protein analysis
BAL fluid supernatants were used for activated mouse/rat/porcine/canine TGF-␤1 protein expression analysis (R&D Systems Quantikine ELISA kit per manufacturer's recommendations). For the TGF-␤1 ELISA, latent TGF-␤1 in the BAL fluid was activated to the immunoreactive form by acid activation and base neutralization according to the R&D Systems protocol. Additional proteomic analysis of the BAL fluid samples (pooled from five mice per group) was performed by Rules-Based Medicine using their mouse MultiAnalyte Profile to measure 69 proteins in 240 l of BAL fluid. A complete analyte list is available at www.rulesbasedmedicine.com.
Sircol collagen assay
The left lungs of mice were homogenized in a 15-ml conical tube containing 2 ml of 0.5 M acetic acid containing Complete protease inhibitor mixture (Roche Applied Science) and left on shaker overnight at 4°C. The following day tubes were centrifuged to separate debris, and supernatants were run over Qiashredder (Qiagen) columns two to three times. A total of 100 l of supernatants (neat or diluted up to 4-fold) were used for the Sircol collagen assay per manufacturer's recommendations (Biocolor, distributed by Accurate Chemical). In brief, 1 ml of dye reagent was added to each sample and incubated on a shaker at room temperature for 30 min, then centrifuged at maximum speed for 10 min. Supernatants were removed from the pellet using low vacuum. The pellet was resuspended in 1 ml of alkali reagent, and 100 l was transferred to a 96-well plate for absorbance reading at 540 nm. To quantify collagen in samples, a standard curve was produced using bovine type I collagen in 0.5 M acetic acid provided in the kit.
TaqMan Low Density Array (TLDA)
We created a custom TLDA card (Applied Biosystems) with inflammatory and fibrotic genes of interest and two housekeeping genes (18s RNA and mouse hypoxanthine phosphoribosyltransferase (HRPT)). cDNA was prepared using the High Capacity cDNA Archive kit (Applied Biosystems) using 1 g of RNA. Assuming a 1:1 ratio of RNA:cDNA reverse transcription, 250 ng of cDNA in 250 l was added to an equal volume of 2X TaqMan Universal PCR mix (Applied Biosystems). Approximately 50 ng or 100 l was loaded onto four ports of the TLDA card and spun twice for 1 min at 1200 rpm in a Sorvall Legend. The card was sealed in a sealer (Applied Biosystems) and the injection ports were cut off and placed in the 7900HT Fast Real Time PCR System instrument (Applied Biosystems) using the SDS 2.2.2 software. Data analysis was performed using SDS 2.2.2 software using the "Relative Quant. (⌬⌬Ct) Study" assay (where "Ct" is threshold cycle), selecting the 384-well TLDA against HPRT as the endogenous control. ⌬Cts were copied into Excel and the log change relative to HPRT was calculated. Fold change for each gene was calculated by dividing the average relative expression to HPRT from mice in the OSM group by the average relative expression relative to HPRT from mice in the MSA group; n ϭ 3 mice/group (early time point) or 5 mice/group (late time point). An asterisk indicates a p value Ͻ0.05 when comparing MSA vs OSM log expression relative to HPRT, for those genes with Ͼ2-fold difference.
Histopathology
For histopathological analysis, lungs were infused with 10% neutral buffered formalin and then placed in 10% neutral buffered formalin for 24 h. Lungs were then processed, embedded in paraffin, cut into 5-m sections, and stained with H&E, periodic acid-Schiff, Masson's trichrome, and Picrosirius red for inflammation, mucin-secreting goblet cells, and fibrosis, using standard histological methods.
Statistical analysis
Differences in BAL OSM levels between human volunteers were evaluated using two-sided Mann-Whitney U test. To assess differences among groups of animals, statistical analyses were performed using Prism 4 software (GraphPad Software) using the unpaired t test. p values were considered significant if less than or equal to 0.05 ( p Ͻ 0.05 denoted by ‫,ء‬ p Ͻ 0.01 denoted by ‫,ءء‬ p Յ 0.001 denoted by ‫.)ءءء‬
Results
OSM is elevated in human pulmonary fibrosis
The volunteer groups did not differ significantly in age, gender, or race (Table I) . Consistent with the previous reports (21, 22 ) the levels of total BAL protein were increased in patients (Table I) . ELISA of BAL fluids from healthy volunteers and scleroderma patients with or without interstitial lung disease confirmed previous findings (8) of an increase of OSM in the lungs of patients with scleroderma lung disease compared with scleroderma patients with no pulmonary involvement or with healthy controls (Fig. 1) . Additionally, OSM levels were significantly increased in the lungs of patients with IPF (Fig. 1 ). These observations suggest that elevated pulmonary OSM levels may be associated with an ongoing fibrotic process rather than a specific disease. The increases of OSM in the scleroderma lung disease and IPF groups from the control group were statistically significant ( p ϭ 0.033 and p ϭ 0.045, respectively, two-sided Mann-Whitney U test).
OSM administered to the lungs of mice results in an inflammatory and fibrotic response
To determine the pathological ramifications of excess OSM in the lungs of mice, recombinant mouse OSM was delivered daily by intranasal administration for up to 3 wk. Histological observation indicates that intranasal delivery of OSM in mice results in a diffuse subacute to chronic mononuclear and eosinophilic interstitial pneumonitis with fibrosis and contains some characteristics of IPF (Fig. 2) . After 2 wk of daily treatment, the lungs of mice treated with OSM, compared with those receiving MSA as a control protein, had a significant inflammatory infiltrate as evidenced by H&E stain (Fig. 2A) . The infiltrate was primarily composed of intraalveolar macrophages, eosinophils, giant cells, intraseptal infiltrates of macrophages, and lymphocytes (Fig. 2E) . Similar infiltrates, also including plasma cells, were present around vessels and bronchioles (Fig. 2E) . Lymphoid aggregates, interstitial fibrosis, and bronchiolar goblet cell hyperplasia were also present in H&E and periodic acid-Schiff-stained sections (Fig. 2E) . Trichrome staining of the lung at 2 wk showed collagen deposition indicative of fibrosis (Fig. 2D) . The collagen deposition appeared diffusely in the lung parenchyma, primarily within the alveolar walls in the lung and was accompanied with epithelial thickening and cellular infiltrates. Two different views from collagen-specific sirius red staining of the lung also showed a marked amount of mature, organized collagen deposition under bright light at 2 wk (Fig.  2B) and polarized light at 2 and 3 wk (Fig. 2C) , confirming the results of the trichrome stain, as well as providing additional evidence of septal wall thickening. Lungs from mice dosed with intranasal OSM for 3 wk were examined by histology and exhibited similar results to mice dosed with intranasal OSM for 2 wk. There is no histopathological difference in fibrosis between mice treated for 2 or 3 wk, as measured by Masson's trichrome or Sirius red staining.
To quantify the amount of collagen deposition and to determine the time course of collagen accumulation, whole lungs were removed and analyzed for collagen using the Sircol assay. OSM induces a rapid accumulation of collagen, with a small but statistically significant increase in collagen observed by day 4. Collagen deposition continues to increase in a time-dependent manner until it levels off at day 7 and remains at a plateau at days 11 and 14 (Fig. 2F) . The increase in collagen in response to OSM is dose dependent (Fig. 2G) , and is similar in both C57BL/6 and BALB/c mice (data not shown). BALB/c mice are typically not considered to be prone to fibrosis; however, there are reports in the literature that show that various agents such as FITC induce lung fibrosis in the BALB/c mouse (23) . Even the normally bleomycin "resistant" BALB/c mouse, can be significantly impacted by the addition of factors like cyclosporine A (24). Although we observed elevated collagen levels in BALB/c mice with OSM, we chose C57BL/6 mice for all of our future studies. (n ϭ 3 per group) . G, Lungs of five mice per group were collected after 11 days of treatment with either 1 or 2 g of OSM daily and analyzed for collagen by Sircol assay. H, BAL fluid from five mice per group was collected after 11 days of OSM treatment with 2 g of OSM and analyzed for cell differentials. An increase in the total number of alveolar macrophages, lymphocytes, and eosinophils was evident in OSM-vs MSA-treated groups. Each dot represents an individual mouse; n ϭ 5 per group.
To evaluate the accompanying inflammatory infiltrate, we collected BAL fluid from the lungs of C57BL/6 mice at the termination of the experiment and analyzed its cellularity. After 11 days, a significant recruitment of inflammatory cells is observed in the BAL fluid. The total number of white blood cells is increased in OSM-treated mice compared with MSA-treated controls, attributable to an increase in alveolar macrophages, eosinophils, and lymphocytes (Fig. 2H) . Interestingly, although similar cellular infiltrate patterns and collagen deposition were observed in BALB/c
Lymphocytes and mast cells are uninvolved in OSM-induced collagen changes
In our model of intranasal OSM-induced lung fibrosis, both inflammation and an increase in ECM are present. To determine whether these cellular infiltrates contribute to, or are required for, the fibrotic response to OSM, we used immune cell-deficient mice. Although OSM promotes an inflammatory infiltrate into the lungs, it was unknown whether the ECM in response to OSM is through direct interactions with the fibroblast and lung epithelial cells, or indirectly through the recruitment of inflammatory cells, which might express factors to contribute to fibrosis. Our data demonstrate a significant recruitment of lymphocytes into the BAL fluid of mice following intranasal OSM administration (Fig. 2H) , and lymphocytes are known to produce a number of signals that can promote myofibroblast production and activation (25) . Therefore, we obtained RAG2 knockout mice, lacking both B and T lymphocytes, and intranasally administered OSM or the control protein MSA daily for 11 days. Despite the lack of lymphocytes, RAG2 knockout mice treated with OSM displayed a similar increase in collagen deposition as that seen in control mice (Fig. 3A) . Although the cellular composition of the BAL of RAG2 knockout mice contained an overall increase in total white blood cells, particularly in the macrophage subset (Fig. 3B) , the increase was, predictably, much smaller when compared with control mice, due to the lack of lymphocytes in the RAG2 knockouts. We also observed a lack of eosinophil recruitment into the lungs in the RAG2 knockout mice (Fig. 3C) . Combined with the similar disconnect between eosinophils and fibrosis in the BALB/c mice, this suggests that eosinophil infiltration to the lungs is likely not required for the collagen deposition induced by OSM. These observations are in agreement with previous work showing that T cells or eosinophils are not an absolute requirement for bleomycin-induced pulmonary fibrosis (26, 27) . OSM-induced increases in collagen are independent of lymphocytes. RAG2 knockouts (on a C57BL/6 background) and control C57BL/6 mice were dosed daily with 2 g of OSM or a control protein, MSA, for 11 days. Each dot represents an individual mouse; n ϭ 5 per group. A, Lungs were harvested and assayed for total collagen content by the Sircol assay. No statistical difference in the collagen content of control mice and RAG2 knockouts following treatment with OSM is observed. B and C, Cell count differentials from the BAL fluid of RAG2 knockouts and control mice at day 11 are shown; recruitment of macrophages by OSM was intact in these mice. However, eosinophil recruitment was not observed in OSM-treated RAG2 knockouts. In addition to eosinophils, we sought to further explore the role of other granule-storing immune cells, such as mast cells. We had observed that the ligand for c-kit, stem cell factor, was acutely up-regulated at the protein level by intranasal OSM (see Fig. 5A ). Because c-kit ligand induces the proliferation of mast cells, and it has been previously reported that OSM can contribute to mast cell hyperplasia through a fibroblast-dependent manner (28) , and mast cells have been reported to contribute to fibrosis (29, 30) , we sought to determine whether mast cells may be involved in the fibrotic response observed with OSM by using mast cell-deficient mice. The inflammatory response and collagen deposition induced by OSM is intact in the mast cell-deficient mice (Fig. 4, A-D) suggesting mast cells are not required for either inflammation or fibrosis induced by OSM.
OSM induces an inflammatory and fibrotic footprint in the lungs
We have used both RNA from the lungs and protein from the BAL fluid of treated mice to elucidate a potential mechanism of action for OSM-induced inflammation and fibrosis. Multianalyte profiling of proteins and TLDA of a focused set of genes implicated in a fibrotic response were used to understand the acute inflammatory response caused by OSM as well as to analyze chronic remodeling changes.
Within 6 h of treatment with intranasal OSM, the BAL fluid contained a marked increase in a variety of proteins, particularly chemokines and cytokines (Fig. 5A) . A wide array of chemokines, FIGURE 5. Changes in acute and chronic protein and gene expression following administration of OSM. A, C57BL/6 mice were treated with 5 g of OSM, and BAL fluid was removed at 6 h postchallenge. Samples from five mice per group were pooled and analyzed for expression of 69 proteins using a multiplex-based multianalyte profiling. Proteins with fold changes of at least two times are shown. Arrows are used to represent an increase in cases where the MSA levels were below detection and OSM levels were high; therefore, fold change could not be calculated. B, C57BL/6 mice were treated with 2 g of intranasal OSM daily for 11 days. BAL fluid was removed 11 days postchallenge. Samples from five mice per group were analyzed for expression of 69 proteins using a multiplex-based multianalyte profiling. Proteins with fold changes of at least two times are shown. Arrows are used to represent an increase in cases where the MSA levels were below detection and OSM levels were high; therefore fold change could not be calculated. C, Three C57BL/6 mice per group were treated with 2 g of intranasal OSM or MSA control protein for 6 h. Lungs were individually processed for RNA analysis. Fold changes in gene expression were assessed by TLDA as described in Materials and Methods. Expression changes of at least 2-fold that were statistically significant (p Ͻ 0.05) are shown. D, Five C57BL/6 mice per group were treated daily for 11 days with 2 g of OSM or MSA control protein, delivered intranasally, and lungs were individually processed for RNA analysis. Fold changes in gene expression were assessed by TLDA as described in Materials and Methods. Expression changes of at least 2-fold that were statistically significant (p Ͻ 0.05) as well as selected genes including collagens, MMPs, and TIMPs are shown.
including eotaxin, MCP-1, MCP-3, MIP1␣, MIP1␤, and MIP1␥, were elevated in the BAL fluid, providing a likely mechanism for the rapid influx of inflammatory cells that occurs following OSM administration. In addition to chemokines, various cytokines were also up-regulated acutely in response to OSM, including IL-4, IL-1␣, and IL-6. Similarly, at 11 days after daily intranasal OSM treatment, among all of the elevated analytes, many of the same chemokines and cytokines remained increased at high levels in comparison to the MSA controls (Fig. 5B) .
To examine the gene changes that accompany the fibrotic response to OSM during acute and chronic administration, we assayed a variety of genes of interest by TLDA (Fig. 5, C and D) . At the early time point of 6 h, OSM induced an increase in gene expression that included a variety of inflammatory cytokines and chemokines, such as IL-6, eotaxin, MCP-1, and MCP-3 (Fig. 5C ) that mirrored the early protein findings in the BAL fluid (Fig. 5A) . In contrast, chronic administration of OSM induced a different set of genes indicative of matrix remodeling (Fig. 5D ). Confirming the histological findings, there was an elevation at the RNA level of several types of collagen following 11 days of administration of OSM, particularly type I collagen, the major structural component of ECM found in connective tissue and most internal organs. Various MMPs and TIMPs were differentially regulated, including increases in MMP-3 and MMP-13, decreases in MMP-8 and MMP-9, and an elevation in TIMP-1. Other increases in transcript levels in lungs of mice treated with OSM include IL-13 and the FIGURE 6. IL-4 and IL-13 are not required for the OSM-induced increase in collagen, but are required for eosinophil and lymphocyte recruitment. A-C, Five C57BL/6 mice per group were dosed i.p. with an Ab to IL-4R or an isotype control every other day for a total of six doses. A, Lungs were harvested and assayed for collagen content after 11 days. No changes were observed in the ability of OSM to induce new collagen formation following the blockade of the IL-4R. B, Cell-count differentials from the BAL fluid were performed at day 11; recruitment of eosinophils was not observed in the BAL fluid of mice with IL-4R inhibition. C, RNA from the lungs of five mice treated with OSM ϩ / Ϫ anti-IL-4R were assayed for gene expression by TLDA. Eotaxin (CCL11) and eotaxin-2 (CCL24) expression are induced by OSM (Fig. 5D) ; however, this induction is blocked by an Ab to IL-4R. D and E, Five C57BL/6 mice per group were dosed i.p. with an Fc to IL-13R, along with appropriate control, every other day for a total of six doses. D, Lungs were harvested and assayed for collagen content after 11 days; OSM is still capable of inducing collagen formation in the absence of IL-13 signaling. E, Recruitment of eosinophils was not observed in the BAL fluid of mice with IL-13 inhibition on day 11. All data are representative of at least two separate experiments. eosinophilic chemokines eotaxin (CCL11) and eotaxin-2 (CCL24). Together, the protein and RNA data demonstrate early and late coordination of acute and chronic responses that contribute to the inflammatory and fibrotic response induced by OSM.
OSM-induced collagen deposition, but not eosinophil recruitment, is independent of IL-4/IL-13
Because IL-4 and IL-13 have been demonstrated to promote fibrosis under some circumstances, and we observed an increase in these analytes in mice treated with OSM, we hypothesized that OSM may be acting through this pathway to induce changes in ECM. We investigated their potential role using a blocking Ab to the IL-4 receptor, a receptor shared by both IL-4 and IL-13. In addition to signaling through the IL-4R, IL-13 has recently been proposed to be able to signal through a second receptor, IL-13R␣2; to ensure a complete blockade of IL-13 signaling, we also used an IL-13R.Fc that would block only IL-13 and not IL-4. In these experiments, lungs from mice that were treated every other day with 1 mg of IL-4R Ab or IL-13R.Fc exhibited an increase in collagen deposition with OSM that was similar to levels observed in the nontreated or isotype-treated controls (Fig. 6, A and D) . These results suggest that although OSM induces both IL-4 and IL-13 (Fig. 5) , the accumulation of collagen in the lungs induced by OSM is independent of both IL-4 and IL-13.
Interestingly, both the IL-4R Ab and the IL-13R.Fc completely blocked the eosinophil infiltrate induced by OSM (Fig. 6, B and E) . In addition, although the message levels of eotaxin (CCL11) and eotaxin-2 (CCL24) were not altered by a control Ab (Fig. 6C) or anti-TGF-␤ (data not shown) treatment, both were markedly reduced to below baseline (Fig. 6C) by the anti-IL-4R Ab. Eotaxin and eotaxin-2 are eosinophilic chemokines, and their reduction in the presence of an IL-4R-blocking Ab is consistent with the prevention of eosinophil recruitment in response to OSM. The lack of eotaxin induction and eosinophil recruitment by OSM in these studies demonstrates their dependence on IL-13 and demonstrates that effective doses of the blocking reagents were achieved in vivo to block the relevant IL-4 and IL-13 pathways. This also confirms the previous finding from the RAG2 knockout study that eosinophil infiltration is not required for the OSM-induced ECM remodeling.
OSM-induced fibrotic changes are not dependent on TGF-␤
TGF-␤ is perhaps the best studied of the profibrotic cytokines, and many profibrotic pathways ultimately operate through the activation of TGF-␤. To define the role of TGF-␤ in OSM-induced lung fibrosis, we first wanted to determine whether TGF-␤ was present in the lungs of mice treated with OSM. Although OSM does not induce a change in the levels of TGF-␤ mRNA in the lungs of mice and we could not detect active TGF-␤ following OSM administration (data not shown), we observed an increase in acid-activated TGF-␤1 by ELISA (Fig. 7A) . These data indicate that TGF-␤ may be induced by OSM and present in latent form in the lung. To determine the dependence of OSM on TGF-␤ for the fibrotic response, mice were treated i.p. with either 100 or 250 g of pananti-TGF-␤ 1,2,3 Ab (clone 1D11) or an isotype control, every other day, and challenged with 2 g of intranasal OSM daily for 11 days. Mice treated with the anti-TGF-␤ Ab exhibited an increase in collagen deposition in response to OSM when compared with their MSA controls at levels comparable to the isotype treatment groups (Fig. 7B) . Similar results were achieved with 100 g of a soluble TGF-␤ receptor Fc reagent dosed every other day (data not shown). Administration of the Ab results in a decrease in the message level of connective tissue growth factor (CTGF) and osteoprotegerin (OPG), two genes previously shown to be downstream effectors of TGF-␤ function (Fig. 7, C and D) (16, 31) . Modulation of both of these genes by the anti-TGF Ab, but not the isotype control (Fig. 7, C and D) or anti-IL-4R Ab (data not shown), suggests the doses of the Ab used were sufficient to impact the target. Taken together, our results suggest that OSM represents a pathway that is sufficient to induce a fibrotic response independent of TGF-␤.
Discussion
We have demonstrated that OSM, acting through the OSMR/ gp130 heterodimer, is capable of producing a potent inflammatory and fibrotic response in vivo. Current treatments for fibrotic diseases such as scleroderma and IPF target the inflammatory cascade, but do not suppress the fibrotic process and show little efficacy in modulating the disease course. The expression of OSM in human disease and its ability to promote both inflammation and fibrosis in vivo may provide a rationale for therapeutically targeting OSM signaling in the context of fibrotic diseases.
We have shown that OSM is elevated in the lungs of patients with either scleroderma-associated interstitial lung disease or IPF (see Fig. 1 ), both inflammatory pulmonary diseases characterized by an accumulation of ECM. The purpose of these initial experiments was to demonstrate the relevance of OSM increase to human pulmonary pathology. Previous work has demonstrated that the presence of CD8 ϩ T cells from the BAL fluid of patients with SSc correlates with worse disease progression, and that the most highly changed gene relative to baseline in CD8 ϩ T cells is OSM (8) . OSM has also been shown to be up-regulated in patients with liver cirrhosis, another condition involving the accumulation of excess ECM (7) . Mice lacking the OSMR have delayed regeneration of the liver following surgical resection (32); fibrosis has been considered to be a wound-healing response gone awry (33) , suggesting that the lack of a profibrotic cytokine may create a defect in wound healing. In addition to being found at high levels in human fibrotic diseases, OSM has also been shown to be up-regulated in the joints of patients with RA, an autoimmune disease resulting in cartilage degradation (3, 9) . Although they are quite different types of pathology, fibrosis and RA are actually both inflammatory diseases involving a modulation of the ECM -either by its accumulation or by its degradation -and a fibroproliferative response is seen in the synovial tissue of RA patients. Our data and those of others show that OSM is a potent regulator of TIMP and MMP, suggesting one mechanism through which it may accomplish these seemingly polar roles.
In vitro, OSM has been demonstrated to promote fibroblast proliferation, predominantly through MAP kinase-dependent pathways (34 -36) . OSM can also inhibit fibroblast apoptosis (35) , and may be able to promote epithelial-mesenchymal transition (EMT) to form myofibroblasts through activation of the JAK/STAT signaling pathways (37, 38) . Fibroblastic foci are found to be overly abundant in patients with lung fibrosis and are thought to contribute to the pathogenesis of the disease and predict a worse prognosis in IPF (39, 40) . In vivo, transgenic overexpression of bovine OSM under an islet cell promoter was demonstrated to cause a tissue-specific pancreatic inflammation and fibrosis, independent of its ability to induce IL-6 (41), and overexpression in the lung by virtue of an adenoviral system also caused a tissue-specific fibrotic response (13) . The mechanism(s) of OSM-induced fibrosis could be multifold, but we have demonstrated that although the infiltration of inflammatory cells is a rapid response to OSM-stimulation of the lungs (likely due in part to the chemokine induction shown in Fig. 5A ), the fibrotic response to OSM is largely independent of B cells, T cells, mast cells, and eosinophils -all cell types implicated in fibrotic responses under some conditions. Although both T cells and mast cells have been shown to express OSM in abundance in a variety of inflammatory situations, a recent review suggests that these cells are not always the drivers of pulmonary fibrosis and may only modulate the response (42).
TGF-␤ is a potent profibrotic cytokine, secreted primarily by inflammatory cells such as tissue macrophages, as well as circulating monocytes, fibroblasts, and epithelial cells. TGF-␤ is secreted in latent form and requires activation to exert its effects. After activation, TGF-␤ signaling occurs through transmembrane receptors that stimulate signaling intermediates, such as SMAD proteins to modulate transcription of procollagens I and III. This cytokine, primarily the TGF-␤1 isoform, has been show to be a potent profibrotic stimulus in a variety of systems, and the results of its modulation in preclinical models have made it an attractive target for therapeutic manipulation in fibrotic diseases. However, conflicting data exist surrounding the TGF-␤3 isoform that may suggest a regulatory role in fibrosis (43) . Although TGF-␤3 upregulates SMAD proteins, it has been reported to down-regulate TGF-␤1-induced gene expression, such as TIMP-1, collagen I, and CTGF, in some circumstances. However, it retains its ability to initiate profibrotic effects similar to those elicited by TGF-␤1, albeit to a lesser degree. It's possible, however, that the current focus on inhibition of TGF-␤ and downstream SMAD may not be sufficient to prevent fibrosis due to a cooperative role between TGF-␤ and other profibrotic mediators that contribute to tissue remodeling. Although an anti-TGF-␤1 Ab (Genzyme, CAT-192) did not meet its clinical endpoints in a recent phase I/II trial in patients with early diffuse SSc (44) , further exploration of this pathway using pan-TGF-␤ inhibitors is necessary to rigorously test the hypothesis of its involvement in ongoing fibrosis.
Whereas the source of TGF-␤ tends to be mainly from innate immune cells, the source for another major profibrotic mediator, IL-13, is T H 2 CD4 ϩ T cells (33) . IL-13 has been shown to contribute to fibrosis in a variety of models, including hepatic fibrosis induced by schistosome infection (45, 46) and lung fibrosis (47) . IL-13 and other cytokines such as IL-4 and IL-5 have been previously demonstrated to also promote fibrosis, although the effects have been shown to come back, at least in part, to the induction of TGF-␤. For instance, an IL-13 transgenic mouse overexpressing IL-13 in the lungs develops a pronounced fibrotic and inflammatory condition, and this can be largely reversed through inhibition of TGF-␤ with a soluble receptor Fc (47) .
Because of the importance of TGF-␤ and IL-4/IL-13 pathways to fibrosis, and our data showing that IL-4 and IL-13 were upregulated by OSM, we tested the dependence of OSM on TGF-␤ and IL-4/IL-13 using multiple approaches. A blocking Ab to IL-4R is effective in blocking the signaling actions of both IL-4 and IL-13 through the IL-4R/IL-13R␣1 heterodimer, as well as that of IL-4 signaling through the complex of IL-4R and the common ␥-chain. IL-13 does also bind a second receptor with high affinity, IL-13R␣2 (48, 49) . IL-13R␣2 appears to lack a signaling domain and has typically been demonstrated to act as a decoy receptor and capable of blocking the effects of IL-13 in vitro and in vivo (46, 50 -53) . However, two recent reports have implicated IL-13 signaling via IL-13R␣2 in the induction of TGF-␤1, ultimately resulting in fibrosis (54, 55) ; therefore, we also used a mouse IL-13R.Fc, which would block all actions of IL-13 (but not IL-4). The use of these reagents allows us to conclude that the eosinophil recruitment by OSM is due to the induction of IL-13 and not IL-4, consistent with the published role of IL-13 in eosinophilic inflammation (56) . However, these cytokines do not appear to be involved in the collagen deposition by OSM. We also tested the involvement of TGF-␤ using a previously characterized Ab and published dosing regimens, as well as a TGF-␤R Fc, neither of which impacted the collagen accumulation induced by OSM. It is possible, due to the aforementioned potential regulatory effects of TGF-␤3 in the fibrotic response, that the effects of blocking TGF-␤1 and TGF-␤2 were obscured by also blocking the TGF-␤3 isoform. However, it has been shown that the protective role of TGF-␤3 appears to be outbalanced by TGF-␤1, and that the overexpression of TGF-␤3 with TGF-␤1 does not have any healing effects at early time points of the fibrotic response (14 -28 days), during which our experiments were conducted.
In these studies, we have established a mechanistic basis for the induction of fibrosis by OSM, a cytokine capable of potent extracellular remodeling. By examining the ability of various cell types and cytokines to contribute to the pathology induced by OSM, we provide evidence for a novel profibrotic pathway that may be of therapeutic potential in human disease.
